Objective The objective of this study was to examine the association between area level deprivation and vehicle collisions resulting in either property damage or injury. Methods A multilevel observational study was conducted using the 2000 to 2010 Saskatchewan Traffic Accident Information System (TAIS) (n = 72,234) and 2006 Census data at the Dissemination Area level (n = 337) for the city of Saskatoon. Results Total area level deprivation was associated with severity of traffic collisions, but the association varied based on time of day and road repair status. Collisions were more likely to result in injury from the most deprived (Q5) versus the least deprived quintile (Q1) at all times of day; the difference was greatest in the evening (OR 1.7, 95% CI 1.3 to 2.3). However, there was no other evidence of a monotonic increase in risk associated with area level deprivation. When there were faded markings or potholes, the odds of a collision involving injury were 2.6 (95% CI 1.5 to 4.4) times greater for the most deprived quintile compared to the least deprived quintile. There were no significant differences in the risk of injury between area level deprivation quintiles when road conditions were good. Conclusion While the association between area level deprivation and whether vehicle collisions result in injury in Saskatoon varies based on time of day and road repairs, under many circumstances the most deprived areas report more injuries from collisions compared to the least deprived.
Introduction
Motor vehicle collisions are one of the leading causes of disability and death worldwide, and more than 1.2 million people die each year due to traffic collisions (Toroyan 2009 ). In Canada, injuries arising from motor vehicle collisions cost more than $100 million per day in total societal expenses (Redelmeier 2014) . In fact, injuries arising from road collisions alone are ranked as the 7th leading cause of Years Lived with Disability (YLDs) (Rothman et al. 2015) . The WHO and the World Bank urge all governments to address road safety (World Health Organization 2004) .
The Haddon Matrix provides a model for examining phases of injury including pre-event, event, and post-event factors, along with human, vehicle, and environmental factors associated with collisions (Haddon 1980) . Runyan expanded the conceptualization of the Haddon Matrix to include dimensions of effectiveness, freedom, and equity (Runyan 1998 ). Reviews of the association between individual and area level deprivation and road traffic injuries suggest that area level deprivation is a pre-event environmental factor that reflects material resources and community services in the area (Ameratunga et al. 2006; Cubbin and Smith 2002) . Reviews suggest that examining the association between area level socio-economic status and injuries due to motor vehicle collisions is an important aspect of understanding and preventing injuries (Ameratunga et al. 2006; Cubbin and Smith 2002; Laflamme and Stephanie Burrows 2009; Ewing and Dumbaugh 2009) .
Area level deprivation has been shown to be associated with greater risk of injury and death, when controlling for individual socio-demographic characteristics (Laflamme and Engstrom 2002; Zambon and Hasselberg 2006; Whitlock et al. 2003) . A large Canadian study using the [1991] [1992] [1993] [1994] [1995] [1996] [1997] [1998] [1999] [2000] [2001] Canadian Census Mortality Follow-up Study showed residing in a deprived area was associated with 1.8 times (95% CI 1.4 to 2.2) greater risk of a motor vehicle collision compared to less deprived areas while controlling for individual factors, age, marital status, visible minority, new immigrant, and urban/rural residence (Burrows et al. 2012 ). In the USA, a study of 472,364 adults including 1195 injury-related deaths over the follow-up period showed that area level deprivation was associated with an increased hazard ratio for motor vehicle-related deaths (Cubbin et al. 2000) . Similarly, a study in South Korea used national death registry data to examine the association between area level deprivation and risk of death due to motor vehicle collisions. Results showed that those residing in deprived areas had a 1.3 times (95% CI 1.1 to 1.7) greater risk of death in a motor vehicle collision, compared to the high SES areas, controlling for individual level factors, gender, age, and education (Lee et al. 2014) . Morency et al. (2012) found that intersections in the poorest areas had more injuries compared to those intersections in richer areas. The difference in injuries was explained by the combination of greater exposure to high traffic volumes and four-way intersections along with higher pedestrian and cyclist volumes in poorer areas.
Previous research studies suggest that area level deprivation may be associated with collisions resulting in injuries, but their methodologies have varied considerably. The majority of studies have used health administrative data and focused on controlling for individual factors, not road-or weatherspecific factors (Zambon and Hasselberg 2006; Burrows et al. 2012; Lee et al. 2014) , with a notable exception being Morency et al. (2012) who showed that increased risk in highly deprived areas was associated with four-way intersections and traffic volume. There are additional plausible mechanisms for the observed associations between area level deprivation and injuries that have not been examined. For example, low SES areas may be less likely to have traffic calming measures or, conversely, more likely to have an increased number of needed road repairs, which then leads to poorer quality roads and an increased risk of collisions that result in injuries (Bunn et al. 2009 ).
The primary objective of this study was to examine the association between area level deprivation and whether or not traffic collisions resulted in injury. We hypothesize that area level deprivation is associated with a greater likelihood of a collision resulting in an injury. As a secondary objective, we examined interactions between area level deprivation and additional pre-event environmental factors, light conditions, road repairs, and traffic volume, consistent with the hypothesis that area level deprivation is associated with material resources in the community.
Methods
The data for this analysis included collisions and covariates (time of day, vehicle type, road repair status, road surface condition, speed limit, season, traffic volume, road type) from 2000 to 2010 in Saskatoon, Saskatchewan, from the Saskatchewan Traffic Accident Information System (TAIS), weather data from Environment Canada, and area level deprivation data at the Census Dissemination Area level available from the Institut national de santé publique du Québec (INSPQ). The TAIS is the collision dataset used by the provincial government to report annual collision rates and trends. The TAIS collects variables from police reports and Saskatchewan Government Insurance claims. Weather data collected by Environment Canada from 2000 to 2010 were merged with the collision data from TAIS to examine the association between weather and collision severity. Area level deprivation at the dissemination area were joined to the x,y coordinates for each collision using a spatial join (see supplementary Appendix A).
Measures
The outcome measure was collision severity as defined by the TAIS data. Severity was measured using a categorical variable including property damage or injury (including personal and fatal injuries). Property damage as defined in TAIS is any collision that results in $1000 total damage or more. Personal injury and fatality was defined as any bodily harm or death of a driver or occupant within 30 days of the collision. The TAIS includes data on motor vehicles as well as bicycles.
The exposure of interest was area level deprivation that we defined using dissemination areas (DA). DAs are the smallest census geographic unit in Canada representing populations ranging from 400 to 700 persons. Area level SES was operationalized using the deprivation index developed at the INSPQ (Pampalon et al. 2009a (Pampalon et al. , 2009b . The deprivation index is calculated for each DA using census data and includes two dimensions: material and social deprivation. The material deprivation dimension is composed of the proportion of people age 15 years and older without a high school diploma; employment/population ratio of people aged 15 years and older; and the average income of people ages 15 years and older. The social deprivation dimension is composed of the proportion of individuals aged 15 years and older living alone; the proportion of individuals aged 15 years and older who are separated, divorced, or widowed; and the proportion of singleparent families. We combined material and social deprivation into a total deprivation score for each DA using a matrix approach (Neudorf et al. 2015) . The total deprivation index included 5 quintiles ranging from Q1 being a high privileged n e i g h b o u r h o o d t o Q 5 b e i n g t h e m o s t d e p r i v e d neighbourhood. The deprivation index has been used extensively for area level socio-economic analysis in Canada (Burrows et al. 2012; Neudorf et al. 2015) .
Covariates available from the TAIS and from Environment Canada included time of day, vehicle type, road repair status, road surface condition, speed, season, traffic volume, road type, and total precipitation (cm) on the day of collision (Jones and Jørgensen 2003) . Time at which the collision took place was categorized as morning (6:01 a.m. to 12:00 p.m.), afternoon (12:01 p.m. to 6:00 p.m.), evening (6:01 p.m. to 12:00 a.m.), and night (12:01 a.m. to 6:00 a.m.). Vehicle type was categorized as automobile, van, pick-up truck, and other vehicle (ambulance/police/fire vehicles, bicycle, intercity bus, moped, motor homes, motorcycle, off-highway vehicles, other bus, other vehicle, power units for semi-trailers, school bus, snowmobile, trucks over 4500 kg, farm equipment, maintenance equipment, and bus). Road repair status was categorized into three categories as normal/good condition, obscured or faded markings/potholes, or under construction/repair. Road surface conditions were categorized as dry, snow/ice, or other conditions (fresh oil, loose gravel or sand, loose snow, muddy, slush, and wet). Speed limit was categorized as < 50, 50-60, and > 70 km/h. Season during which collision occurred was categorized as spring (March to May), summer (June to August), autumn (September to November), and winter (December to February). Traffic volume was categorized as low (0 to 10,000 average daily traffic) versus high (10,001 to 45,684 average daily traffic), consistent with City of Saskatoon street definition for residential and commercial collector streets. Total precipitation (both rain and snow) in centimetres was included as a continuous variable.
Analysis
A two-level mixed effects logistic regression model, with collisions nested in DAs, was used to estimate the odds that a collision would result in injury, including a random intercept to estimate the similarity of collision severity within census dissemination areas. Bivariate analysis was carried out in which variables were screened one at a time in a null random intercept model using a p value < 0.20. The multivariable model was built using manual stepwise backwards selection. In addition to deprivation, other covariates, where p < 0.05, were retained in the full model. Cross-level interactions were assessed between total deprivation and time of day, road repair status, and traffic volume since these variables were hypothesized to have a differing effect on the likelihood of collisions resulting in injury in areas with different SES. Analysis was conducted using Stata IC 13.1.
Results
The dataset used for the analysis, with complete data for all variables of interest, included 71,259 collisions at level 1, nested in 337 DAs at level 2 in Saskatoon (Table 1) . The average number of collisions in a DA was 212 (range 5 to 3124). The complete dataset included 185,328 observations. Data from Corman Park (n = 560), an adjacent municipality, were removed. Variables for road repairs, road surface condition, and vehicle type had considerable missing data, with 95,913, 31,711, and 12,024 observations removed respectively. We conducted sensitivity analyses excluding road repairs and road surface condition (see supplementary Appendix B) to examine the impact of missing data. The results of the sensitivity analyses and the results presented did not differ substantively. Descriptive statistics and bivariate associations between the variables of interest and collision severity are presented in Table 1 . The majority (64%) of collisions were automobiles, with panel vans and pickup trucks representing 16% of collisions. The most deprived quintile had 30,464 collisions (42.8% of collisions) compared to 6454 collisions (9.1% of collisions) in the least deprived quintile. Total deprivation was associated with the odds of injury from traffic collisions. However, in the final multivariable model (Table 3) , the association between total deprivation and injury from a traffic collision was modified by the time of day, road condition, and traffic volume after adjusting for season, vehicle type, road surface condition, and speed limit. In the final adjusted random intercept model, 11% of the variation in collision severity across DAs, as estimated from the null model, was accounted for by the final fixed effects model, including area level deprivation in Saskatoon (Table 3) .
The cross-level interaction between deprivation quintile and time of day was significant (Table 2) . When considering the average of all other risk conditions, the odds that a collision would result in an injury, compared to vehicle damage, were significantly greater in the most deprived quintile (Q5) compared to the least deprived quintile (Q1) in the morning 1.4 (95% CI 1.1 to 1.9), afternoon 1.6 (95% CI 1.2 to 2.1), evening 1.7 (95% CI 1.3 to 2.3), and night 1.6 (95% CI 1.1 to 2.3) (Table 3 ). However, there was no evidence of a monotonic relationship across the deprivation quintiles as there was a similar difference between the second and first deprivation quintile, but no difference between quintiles 3 or 4 and quintile 1. The relationship between time of day and the odds of a collision resulting in injury was not consistent across deprivation quintiles. The cross-level interaction between deprivation quintiles and road repair status was also significant ( Table 4 ). The odds that a collision would result in an injury, compared to property damage alone, when there were faded markings or potholes were lowest in the least deprived quintile (Table 4) . For example, the odds that a collision would result in injury, compared to property damage alone, were 2.6 (95% CI 1.5 to 4.4) times greater for the most deprived quintile (Q5) compared to the least deprived (Q1) when there were faded markings or potholes (Table 4) . However, the odds of injury, compared to property damage alone, did not increase across deprivation quintiles in a monotonic fashion in the presence of obscured or faded markings or potholes. The difference between quintile 1 and quintile 2 was 4.3 (95% CI 2.4 to 7.5), greater than the difference between quintile 5 and 1. The odds that a collision would result in injury, compared to property damage alone, were also higher in the most deprived quintile compared to two less deprived quintiles (Q3 and Q4) when there was construction or uneven pavement, but not between the most and least deprived quintiles.
Collisions that resulted in injury, as compared to property damage alone, were more likely when road repair status was good as compared to when there were obscured or faded markings or potholes for quintiles 1, 4, and 5 (Table 4) . Injury collisions, compared to property damage alone, were also more common for roads under construction than roads with obscured or faded markings or potholes in quintile 5 (Table 4) .
There was an unclear cross-level interaction between deprivation quintiles and traffic volume (Table 3 ). The most deprived areas had 1.6 (95% CI 1.2 to 2.1) times greater odds of a collision resulting in injury, compared to the least deprived areas for both high and low traffic volume locations (Table 4) . The odds that a collision would result in an injury, compared to property damage along, were greater on high traffic volume streets for all deprivation quintiles except quintile 2 (Table 4) . The interaction between traffic volume and deprivation was only apparent in that there was a difference between the least and second least deprived quintiles when traffic volume was low, but not when it was high (Table 4) . 
Discussion
The objective of this study was to examine the association between area level SES and whether or not injuries result from traffic collisions. We also examined whether area level SES interacts with road characteristics in explaining whether injuries result from traffic collisions. We identified differences in whether injuries would result from traffic collisions between the most and least deprived quintiles in bivariate analysis. However, the results did not hold under all conditions in multivariate analysis and nonsocio-economic differences were observed. Past research has shown similar results to our bivariate analysis when accounting for individual-level factors, like age and sex, with increased risk estimates for lowest area level SES ranging from 1.3 times greater (Lee et al. 2014 ) to 1.8 times greater (Burrows et al. 2012 ) when compared to the highest SES areas. There was no evidence of a consistent monotonic increase in risk associated with increasing deprivation when comparing the other quintiles in the current study.
Research from the USA has shown that social inequalities in road traffic deaths between 1995 and 2010 have persisted or worsened over time (Harper et al. 2015 ). The USA often shows a stronger social gradient than Canada, which could explain differences between our findings (The World Bank Group 2016). Additionally, approximately 11% of the variation in the severity of the collision across the dissemination areas was accounted by the final model, which included area level deprivation. Consequently, the percent of explained variation is consistent with, but larger than, the 1% variation in the risk of a fatality explained by geographic areas from previous research (Jones and Jørgensen 2003) .
As a secondary objective, we examined the interactions between area level deprivation and mechanisms that could explain the observed differences in collisions involving injury between the most and least deprived areas (Zwerling et al. 2005; Valent et al. 2002) . The odds of being in a collision resulting in injury in the most deprived quintile were higher in the morning, afternoon, and evening as compared to night. Collisions resulting in injury were also more likely the evening and night in quintiles 2 through 5, compared to quintile 1, the least deprived. The results are consistent with the findings from the Canadian Institute for Health Information, which state that traffic collisions resulting in hospitalization are more common in the afternoon and evening (Spitz 2013) . A possible explanation for this result observed in Saskatoon is that high SES areas have limited traffic in the afternoon and evening compared to other areas (Pallagst 2010) . However, our study was not able to address this question, and additional research would be needed to examine this hypothesis. The effect of area level deprivation was also modified by road repairs and, to a less meaningful extent, traffic volume. The results suggest that less deprived areas have a lower likelihood of collisions resulting in injury compared to all other deprivation quintiles when obscured or faded markings or potholes are present on the road. A possible explanation for the lower likelihood of collisions resulting in injury in the least deprived neighbourhoods could be due to the reduced number of potholes in the area. Additionally, it is possible that the potholes present were not as severe or were more visible due to better signage warning drivers of risks. There were no differences in the odds of collisions resulting in injury among good road conditions across quintiles. The interaction between traffic volume and total deprivation did not show a monotonic relationship. A similar increased risk of injury associated with high traffic volume was apparent in all but the second least deprived quintile (Q2). These results were not consistent with the study done in Montreal where poorer neighbourhoods had higher exposure to traffic volume at intersections thereby increasing the risk of injury (Morency et al. 2012) . We examined collisions resulting in injury at both intersections and non-intersections, which differed considerably from Morency et al. (2012) , who only examined injuries at intersections. The association between traffic volume and injury in Morency et al. (2012) was examined using a continuous measure of traffic volume at the intersection level centred at 500 vehicles per day, and the association was statistically significant but very small 1.07 (95% CI 1.06 to 1.08).
The season in which the collision took place was significantly associated with collisions resulting in injury. Summer and autumn were found to have a greater odds of injury as opposed to collisions that occurred during the winter. These findings were consistent with an American study showing that summer and autumn had increased crash deaths as opposed to the winter due to increases in traffic volume and alcohol use (Farmer and Williams 2005) .
Limitations
The primary limitation of this study was missing data. We conducted a complete case analysis with considerable missing data for road condition, road surface condition, and vehicle type variables. We quantified the impact of missing data and showed that the results did not differ substantively.
Additionally, variables (such as wearing seat belts, and the number of vehicles involved in the collision) were not modelled due to the large number of missing values. Information bias is also possible as the data for collisions involving injury were based on information from both police reports and the individuals involved in the collision, while data from less severe collisions were based only on reports from those involved in the collision. Other limitations include not having the injury severity measured. Having an injury severity measure would have been beneficial because it would have given more context to the severity and type of injury that occurred. Overall, published validity and reliability data regarding the TAIS dataset are limited. We assume biases similar to police reports and insurance data, as the TAIS combines these two data sources. Finally, collisions near the census tract boundaries may have been assigned to the incorrect SES quintile, but this misclassification may be non-differential in relation to the other characteristics.
Conclusion
Our study suggests an increased risk of collisions resulting in injury in the most deprived compared to the least deprived areas of Saskatoon. The increased risk of collisions resulting in injury in the most deprived compared to the least deprived areas was found to be consistent at all times of day and under both high and low traffic volumes, but only where road conditions were compromised by potholes or faded markings. Approximately 11% of the variation in the severity of the collision across the dissemination areas was attributed to neighbourhood deprivation. However, there is no clear doseresponse relationship between deprivation and collisions resulting in injury. These findings suggest that injury disparities may exist based on geographical and socio-economic context, but these associations are not straightforward to interpret and translate into policy recommendations. More work should be done in this area to clarify potential interactions between area level SES and road characteristics.
